Ion implantation has been widely used to improve the mechanical and tribological properties of single crystalline silicon, an essential material for the semiconductor industry. In this study, the effects of four different ion implantations, Ar, C, N, and Ne ions, on the mechanical and tribological properties of single crystal Si were investigated at both the nanoscale and the microscale. Nanoindentation and microindentation were used to measure the mechanical properties and fracture toughness of ion-implanted Si. Nano and micro scratch and wear tests were performed to study the tribological behaviors of different ion-implanted Si. The relationship between the mechanical properties and tribological behavior and the damage mechanism of scratch and wear were also discussed.
I. INTRODUCTION
As one of the most important materials in semiconductor industry, single crystalline silicon has been widely used in fabrication of various miniature components, such as, micro-/nano-electromechanical systems (MEMS/NEMS). Due to the brittle nature of Si, the failure of MEMS/NEMS devices often occurs during applications because of the large friction and wear. 1 Various surface modification techniques have been applied to create a surface layer to improve the mechanical and tribological properties of Si. Among these techniques, ion implantation has proved to be one of the most effective ways to modify the tribological properties of Si with a full control of the composition of the implanted layer and a strong adhesion between the implanted layer and the substrate.
2 Different ions such as Ar, 3 ,4 C, 5, 6 H, 7, 8 N, 5, 6, 9 Ne, 10, 11 Cr, 12 P, 13 and O 7 have been used to implant Si to improve either the mechanical and/or tribological properties or other electrophysical properties. Although much work has focused on the effect of individual ion implantation on the mechanical and tribological behavior of implanted Si, direct comparison of mechanical and tribological behavior of different ion-implanted Si is still lacking and research on the difference of damage mechanisms among different ion implantations during scratch and wear is still scant. This information is essential to fully understand the role of ion implantation in the improvement of mechanical and tribological behaviors of Si and to produce high quality products.
In the present paper, we have focused our investigation on the effects of four common ion implantations, Ar, C, N, and Ne ions, on the mechanical and tribological properties of single crystal Si at both the nanoscale and the microscale as well as the macro scale. Nanoindentation and microindentation have been used to measure mechanical properties and fracture toughness of ion-implanted Si. Nano/micro scratch and wear tests have been performed to investigate the tribological behaviors of different ion implanted Si. The damage mechanisms of scratch and wear have also been discussed.
II. EXPERIMENTAL
Samples of single crystal silicon with an orientation of (100) were implanted with ions of Ar, C, N, and Ne. All ions were implanted with a calibrated ion dose from the stopping and range of ions in matter (SRIM) code 14 and the ion projected range for all ions were adjusted by different ion energy to obtain the same depth of ions in the Si substrate near 200 nm. Detailed ion implantation condition and simulation results are shown in Table I In order to determine whether there is any formation of silicon carbide and silicon nitride during C and N ion implantation, x-ray photoelectron spectroscopy (XPS) measurements were conducted on the Kratos AXIS Ultra DLD XPS system (Manchester, UK) equipped with a monochromatic Al Ka source. The monochromatic Al Ka source was operated at 15 keV and 150 W. Detailed scans for C1s, N1s, and Si2p spectra were performed with a pass energy of 40 eV.
Nanomechanical and tribological characterizations were performed on all ion implanted samples and a virgin Si control sample. Nanoindentation was carried out to measure the mechanical properties of the implanted surface layers using Triboscope (Hysitron Inc., Minneapolis, MN). A well calibrated pyramidal diamond Berkovich indenter was used for a nanoindentation test. A peak indentation load of 250 mN was applied to the indenter with a constant loading rate of 50 mN/s, held for 5 s, and then totally released with an unloading rate of 50 mN/s. At least eight indents were made on each sample. Considering that the ion implanted surface layers are about 200 nm, to eliminate any substrate effects, 16 ,17 the peak indentation load was so selected that the average maximum penetration depth into the surface layer was about 22.25 nm with an average contact depth of about 13.80 nm. The hardness and elastic modulus were determined from the unloading curve of indentation using the Oliver and Pharr method. 18 A Poisson's ratio of 0.27 and a correction factor of 1.225 19 were used for the elastic modulus calculation.
A microindentation test was performed to determine the fracture toughness of ion implanted samples using a Beuhler Micromet-1 microhardness tester (Buehler Ltd., Lake Bluff, IL). A diamond Vickers indenter was used for the test. A peak indentation force of 0.5 N was applied over 30 s. The indentation force was so chosen that it was large enough to create radial cracks at the corners of Vickers indent for all the tested samples with no spallation of materials. The fracture toughness K IC was calculated using the following equation 20 :
where a is an empirical constant depending on the geometry of the indenter and equal to 0.016 for Vickers indenter, 20 E is elastic modulus, H is hardness, P is the peak indentation force, and c is the crack length. Both E and H were obtained from nanoindentation data. The crack length was measured from the center of the indent to the end of crack using optical microscope. At least six indents were made on each sample to determine the fracture toughness.
The surface roughness of each sample was measured by 1 Â 1 mm scan area using a silicon tip with a nominal tip radius less than 10 nm in tapping mode atomic force microscopy (AFM, Dimension 3100, Veeco Metrology Group, NY).
Tribological characterizations of the ion implanted samples were performed at both nanoscale and microscale, with the former representing a normal service condition while the latter imitating a rather harsh condition. A nanoscratch test was done on all samples using a nanoindentation probe with a pyramidal diamond attached to a stainless steel cantilever. Five scratches with a length of 3 mm were done on each sample with different normal scratch forces of 5.75, 6.90, 8.05, 9.20, and 10.35 mN. After scratching, the same tip was used to scan the scratched surfaces to obtain the topographical images. The average scratch depth under each normal scratch force was measured from the central part of each scratch and used to evaluate the resistance of the surface damage at the nanoscale.
Microscratch as well as friction and wear tests were performed using a CETR microtribometer (CETR Inc., Campbell, CA). In the microscratch test, a conical diamond indenter with a tip radius of 1.5 mm and an included angle of 60 was drawn on the sample surface over a scratch distance of 4 mm with a ramping load from 5.4 mN to 45.3 mN. An acoustic emission (AE) sensor was attached to the scratched sample to monitor the variation of AE signal during scratching. A critical load corresponding to a burst of AE signal was used to evaluate the local failure at microscale. The coefficient of friction, friction force, and normal load were also detected in situ during scratching. The friction and wear tests were carried out against a WC ball with a radius of 2 mm and a surface finish of about 2 nm root-mean-square (RMS) in reciprocating mode. Two different normal loads of 0.05 N and 1.5 N were used for the friction and wear tests with a total sliding distance of 240 mm. Other test conditions were as follows: stroke length 6 mm, frequency 0.033 Hz, average linear speed 0.4 mm s
À1
, temperature 23 AE 1 C, and relative humidity 45 AE 5%. Scratch and wear tracks were observed using a PME3 optical microscope (Olympus, Japan) with a XCD-SX900 digital interface (Sony, Japan). All scratch and wear tests were repeated at least 3 times. 
III. RESULTS AND DISCUSSION
A. Elastic modulus and hardness Figure 1 shows the elastic moduli, hardnesses, and typical nanoindentation curves of control sample and ion implanted silicon samples. The typical nanoindentation load-penetration depth curves of the control sample and different ion implanted samples are shown in Fig. 1(a) . Compared to the nanoindentation curve of the control sample, all the ion implanted samples have a shallower penetration depth except the Ar implanted one, which is a result of different surface modifications by ion implantations. It is well known that Si is an anisotropic material and the value of elastic modulus depends highly on the crystalline orientation. 21 The elastic modulus of the control sample measured by nanoindentation is 123.65 AE 3.49 GPa, which is in accordance with the one determined by optical measurement for (100) Si wafer (125.6 AE 1.4 GPa). 21 The measured hardness for the control sample is 11.36 AE 0.19 GPa, which is similar to the values in literature. 4, 22 Compared to virgin Si, all the ion implantations enhance the mechanical properties, namely elastic modulus and hardness, except Ar implantation [ Figs. 1(b) and 1(c)] .
The difference in mechanical properties for different ion-implantations may be related to the difference in the interaction of the individual ion with Si substrate. For C and N implantations, the increase of mechanical properties, especially the hardness, is usually attributed to the formation of strong compounds like SiC and Si 3 N 4 during ion implantation. 6 To determine whether there are silicon carbide and silicon nitride formations during C and N ion implantations, XPS analysis was performed on C and N ion implanted surfaces. Figure 2 shows the XPS spectra of C1s and Si2p for C ion implanted surface [ Fig. 2(a) ] and N1s and Si2p for N ion implanted surface. As shown in Fig. 2(a) , all three peaks for C1s are the ones for adventitious carbons with C-C bond (284.8 eV), 23 C-O (286.5 eV), and C¼O (289.5 eV), 24 respectively. The two peaks for Si2p are Si-Si (99.5 eV) and Si-N (102.1 eV) bonds. 25 This indicates that there is no Si-C bond formed during C ion implantation in this study since neither the peak for C1s-Si (283.3 eV) nor the peak for Si2p-C (100.5 eV) occurs. 26 Figure 2(b) shows the XPS analysis of N ion implanted surface. As can be seen, the two peaks for N1s are N-Si (397.5 eV) 27 and N-C (400.3 eV) 25 bonds while the two peaks for Si2p are Si-Si (99.5 eV) and Si-N (102.1 eV) bonds. 25 This may confirm the formation of Si-N bond during N ion implantation. For Ar implantation, the decrease of elastic modulus and hardness is due to the amorphization on the Si surface caused by the accumulation of radiation damage, which creates a layer of amorphous Si during the Ar implantation. 3, 4 Amorphous Si often has lower mechanical properties than crystal Si. 3, 4, 22 For Ne implantation, an increase of both elastic modulus and hardness is also observed. The retained Ne in Si 11 might cause the distortion of Si structure and contribute to the difference in mechanical properties. However, further research is needed to clarify the mechanisms. Figure 3 shows the optical images of typical Vickers indents with radial cracks and the fracture toughness for the control sample and all ion implanted samples. As shown in Figs. 3(a)-3(e) , the size of Vickers indents and the length of radial cracks for the control sample and ion planted samples are similar. In fact, the Vickers indentation is rather deep compared to the ion implanted layer (about 200 nm) and therefore the fracture toughness is dominated by the Si substrate underneath the ion implanted layer. Thus, the thin ion implanted layers have little contribution to the improvement of fracture toughness of Si wafer. This leads to very similar fracture toughness for all ion implanted samples and the control sample as shown in Fig. 3(f) . Table II and Fig. 4(f) ], which is similar to the RMS values 0.1-0.3 nm for virgin Si (100) available in literature. [28] [29] [30] [31] It has been observed that low fluences of different ion implantations have no significant/ noticeable effect on the surface roughness. [28] [29] [30] 32 On the other hand, high fluences of ion implantations have been found to increase the surface roughness 29, 31 due to the severe damage caused by ion irradiation. As shown in Fig. 4(f) , for the fluences of ion implantations used in this study, the surfaces of ion implanted samples are either smoother than (for Ar, C, and Ne) or similar to (for N) that of the control sample. Similar observation has also been reported for self-implanted Si (100) that surface roughness is reduced from 0.3 nm before implantation to 0.2 nm after implantation. normal forces 5.75, 6.90, 8.05, 9.20, 10.25 mN from right to left, respectively. Clearly, nanoscratching of the control sample and the ion implanted samples is dominated by plowing and no debris is observed along the scratches. In order to determine average scratch depths under different normal forces, an average surface profile of the central part of the scratched region is constructed as shown in Fig. 5(f) . A typical analyzed area is indicated by the inset in Fig. 5(f) . Considering the surface roughness, the scratch depth for each individual normal force is determined by averaging the depths measured from both sides of the individual scratch. The relationship between the normal scratch force and the scratch depth for different materials is shown in Fig. 5(g) . As expected, the scratch depth basically increases with the increasing normal scratch force. Overall, the ion implanted samples have a shallower scratch depth at a given normal scratch force than the control sample, though this is not the case for the Ne implanted sample. This may be explained by the ratio of hardness (H) and elastic modulus (E), which is a key factor to define the scratch and wear resistance of materials. 33, 34 The H/E ratio of the control sample and different ion implanted samples are listed in Table II . As can be seen, all of the ion implanted samples have a higher H/E ratio than the control sample except for the Ne implanted sample. Therefore, Ar, C, and N implanted samples have higher scratch resistance and thus shallower scratch depth than the control sample. The Ne implanted sample has Note: Si denotes the virgin control sample. Ar, C, N, and Ne denote the ion implanted samples. FS denotes the first stroke of wear and LS the last stroke.
B. Fracture toughness
lower scratch resistance and thus a deeper scratch depth than the control sample.
D. Microscratch resistance Figure 6 shows the coefficient of friction and AE signal as a function of the normal scratch force and the optical images of three regions over scratches: at the beginning of the scratch (Column A), around the point of initiation of damage, where a burst of AE occurs (Column B), and toward the end of the scratch (Column C) for all samples.
As can be seen, the coefficient of friction for all samples increases steadily with the increase of the normal scratch force at the beginning of the scratch because of the increased plowing of the sample by the tip. At that point, an abrupt increase in coefficient of friction occurs with further increase of the normal scratch force, indicating catastrophic failure and significant plowing of the tip into the sample. The initial burst in coefficient of friction may be used to define the critical load of scratch beyond which failure occurs. 35, 36 The AE signal for all samples is weak and almost constant with the increasing scratch normal force at the beginning of the scratch. With the further increase of the scratch normal force, the AE signal becomes stronger and bursts occur for all the samples. Compared to the AE signal of the control sample with a magnitude of 0.08 V, all ion implanted samples exhibit much stronger AE signal with a magnitude from 1.65 V (Ne) to 4.70 V (Ar) (see Table II ), which might be attributed to the damage between the interface of the implanted layer and the substrate.
It has been shown that the AE signal has a high sensitivity to local failure and is a good experimental parameter for monitoring the onset of damage during scratching and wear of hard coatings. [37] [38] [39] Recent research shows that the AE signal can give a more precise determination of the initiation of local failure compared to the coefficient of friction. 39 A burst of AE signal is often observed when a local failure happens, which can be used to detect the critical load for scratch damage. A typical AE signal as a function of normal load at the initial stage of microscratch and the critical loads for all materials are shown in Fig. 7 . As shown in Fig. 7(a) , the AE signal is constant and close to zero when the normal load is smaller than the critical load (denoted by the arrow). At the critical load, a burst of AE signal occurs, which indicates that local damage happens during the microscratch. When the normal load is larger than the critical load, continuous bursts of AE signal occur with larger magnitude, which shows more severe local damage at the higher normal load. The critical loads for different materials determined from the AE signal are shown in Fig. 7(b) . As can be seen, the critical loads for all materials are comparable; however, the values for C, N, and Ne implanted samples are higher than the control sample, while that for Ar implanted sample is smaller.
The tribological behaviors of ion-implanted Si are different at the nanoscale and the microscale. For a nanoscratch, which may represent a normal service condition for MEMS and NEMS, the tip penetration is shallow and deformation is within the ion implanted layers. The tribological behaviors of the ion implanted layers are dominated by plowing, that is, the plastic deformation of materials. However, for a microscratch that may correspond to a harsh service condition, the tip penetration is much deeper and tribological behaviors are mainly dominated by delamination of the ion implanted layers and fracture of both ion implanted layers and Si substrate. Table II . No wear tracks are observed for all samples after a sliding distance of 240 mm with 0.05 N wear force. For the 1.5 N wear force, the coefficient of friction for all samples increases steadily with the sliding distance at the beginning of the sliding due to plowing of the WC ball into materials at this stage. Then a sharp jump of coefficient of friction occurs, indicating the onset of severe damage of materials. With further increase of the sliding distance, the coefficient of friction is almost a constant or slightly increasing for all materials. This may be due to the formation of debris along the wear track serving as third body rolling in sliding, which reduces the coefficient of friction 40 and may compensate for the possible increase of coefficient of friction caused by further local damage. As expected, the coefficient of friction at the beginning of 1.5 N wear for all materials are similar to those of 0.05 N wear (see Table II ). However, the coefficient of friction at the end of Fig. 8 . Evidently, the Ar implanted sample has the most severe surface damage followed by C, N, and Ne implanted samples and the control sample.
IV. CONCLUSIONS
Ar, C, N, and Ne ions have been implanted in (100) single crystal silicon. AFM observation of all implanted surfaces shows a better surface roughness after ion implantation. Nanoindentation tests reveal a higher elastic modulus and hardness for all ion implantation except Ar compared to the control sample. It is found that all ion implantations except Ne enhance scratch resistance at the nanoscale. At the microscale, the ion implanted samples exhibit similar fracture toughness and scratch resistance to the control sample. A wear test at 0.05 N normal load reveals a comparable coefficient of friction among the ion implanted samples and the control samples, where no surface damage is observed. However, all ion implanted samples have higher coefficient of friction than the control samples for the wear test at 1.5 N normal load, where severe surface damage occurs.
